Objective To examine age-period-cohort effects on trends in gestational diabetes mellitus (GDM) prevalence in the US, and to evaluate how these trends have affected the rates of stillbirth and large for gestational age (LGA)/macrosomia.
Introduction
As one of the most ubiquitous conditions complicating pregnancy, gestational diabetes mellitus (GDM) affects an estimated 8.3% of pregnancies worldwide. 1 The prevalence rate of GDM in the US is 3-4%, affecting upwards of 110 000 women annually. 2 Women with GDM are more likely to later develop type-II diabetes, and are at increased risk for pre-eclampsia and gestational hypertensive disorders in their subsequent pregnancies. [3] [4] [5] Women with GDM are also at increased risk of delivering infants that are large for gestational age, and are therefore more likely to be delivered by caesarean and/or suffer birth injury. 3, 6, 7 Children born from these pregnancies are subsequently at increased risk for type-II diabetes and obesity later in life. 7, 8 Recent research has also demonstrated an association between GDM and an increased risk of autism spectrum disorders. 9 With five international workshops on GDM held since 1979, the screening and diagnostic criteria have evolved over the past several decades. The definition of GDM from This article includes Author Insights, a video abstract available at https://vimeo.com/rcog/authorinsights14236. the inaugural conference as 'carbohydrate intolerance of variable severity recognised for the first time in pregnancy' was updated in 1998 to include impaired glucose tolerance as additional criteria for GDM. 10, 11 The changing criteria for GDM have also complicated the interpretation of prior epidemiological studies.
Although studies have examined temporal changes in the prevalence of GDM, 2, 12, 13 to our knowledge none have sought to identify the extent to which these trends can be attributed to the year the mother was born (birth cohort), the year the infant was delivered (period), and maternal age. Parsing out the factors that contribute to the temporal trends is important in order to identify the contribution of cultural and environmental changes to trends in GDM across maternal birth cohorts and infant birth periods. Furthermore, there are known racial disparities for GDM, 2 making it important to examine variation in the contribution of each of these factors by race, when possible.
The objectives of this study were to: (1) conduct an ageperiod-cohort (APC) analysis to examine the extent to which each of the age, period, and cohort components has contributed to temporal changes in the prevalence of GDM from 1979 to 2010 in the US; (2) identify the contribution of trends in body mass index (BMI) and other population factors to the increasing prevalence of GDM; and (3) quantify how changes in the prevalence of GDM are associated with rates of stillbirths and infants large for gestational age or with macrosomia. We frame these analyses with an examination of the timing of changes in trends with implementation of and changes in GDM screening and diagnostic criteria, and also include secondary analyses of the above trends stratified by race.
Methods

Cohort
Using the National Hospital Discharge Survey (NHDS) database, we identified deliveries associated with GDM via ICD9 coding (delivery, V27.0-V27.9; gestational diabetes, 648.8x). NHDS data are publicly available annually from 1965 to 2010, and include data on short-term inpatient hospital stays in the US. Further discussion of data collection methods has been provided elsewhere. 2, 14 To adjust for the sampling design and to obtain national estimates, the frequency weighting provided on the NHDS data sets were applied to all analyses. Cohort composition was restricted to deliveries occurring from 1979 onwards; prior to 1979, all diagnoses in the NHDS data were coded based on the International Classification of Diseases, revision 8 (ICD-8), which did not distinguish pregestational from gestational diabetes. Furthermore, the first international workshop on GDM was held in 1980, making this a reasonable starting time for our study. Women younger than 15 years of age and women aged 50 years and older were excluded from the analysis. We also excluded women with pregestational but not gestational diabetes to maintain the reference group as truly non-diabetic. As these data are completely de-identified and publicly available, we did not seek ethics approval from an institutional review board.
Covariates
Covariates considered from the NHDS database include race (white, black, other), single marital status, multiple births (singleton/multiple), chronic hypertension (ICD-9 codes 642.00-642. 24 
Age-period-cohort models
In order to quantify the contributions of maternal age, maternal birth cohort, and period of delivery to trends in GDM, an APC analysis was implemented. 15 Parsing out the contributions of each of these three factors enables us to identify the sources of variation that underlie the trends in gestational diabetes over the past 31 years. Birth cohort is a linear function of age and period (cohort = period -age), rendering traditional regression analyses with all three covariates inestimable because of the collinearity introduced. The APC model used for the present analysis iteratively introduces parameters to model the temporal age, period, and cohort trends via log-linear Poisson regression. 16, 17 This iterative process begins by including a linear term for maternal age, then estimating the drift and curvature parameters related to period and cohort effects. The drift parameter is the estimate of the effect that can be attributed to the sum of the linear period and cohort effects. The curvature parameter accounts for deviations from linearity; its parameter estimates represent the direction and magnitude of the trend that is uniquely attributable to each of the two effects. Each of the age, period, and cohort effects were fitted with a natural spline transformation with six knots. With this parameterisation, the age effects were interpreted as the prevalence rates of GDM for the reference period (1985) and reference cohort (1960) . APC modelling was performed in R 3.1.1 (https://www. r-project.org/) via the apc.fit function of the EPI package. 15 
Multilevel model
We created hierarchical APC models in SAS 9.4 PROC GLIMMIX (SAS Institute, Cary, NC, USA) to estimate whether trends in maternal characteristics were associated with the observed period and cohort effects of GDM in these data. Cohort-level summaries by period and cohort of the covariates listed above on the NHDS data set were considered. Unfortunately, maternal BMI and smoking status were not recorded in the NHDS data, but we were able to adjust for the populationlevel trends in BMI and smoking by using average BMI and smoking data available from the National Health and Nutrition Examination Survey (NHANES) for the years under study, where available. 18 In NHANES, we computed the smoking rates among pregnant women in the US from 1989 to 2012. Data for smoking specifically by maternal birth cohort were unavailable. Trends in BMI were recorded as the percentage of women that were considered obese (BMI ≥ 30.0 kg/m 2 ) by period and cohort. These hierarchical models used maternal age as a fixed effect, and allowed a random intercept that was cross-classified by time period and birth cohort (yearly categorical variables). We then regressed these intercepts on average levels of maternal characteristics by period and cohort (where available) in order to estimate the association between those characteristics and the observed period and cohort trends, as described by Yang and colleagues. 19 
Contribution of GDM to perinatal outcomes
We assessed the extent to which trends in GDM prevalence rates are associated with changes in rates of large for gestational age (LGA; ICD-9 codes 766.19 and 775.09) or macrosomia (ICD-9 codes 656.69, 766.09, and 766. 19) , and stillbirths (ICD-9 code 656.49).
LGA births are traditionally defined as newborns with a birthweight above the 90th percentile for gestational age. Similarly, macrosomia is defined as infants with a birthweight >4000 g. We used loglinear models with these outcomes as the dependent variable and period of delivery as the primary independent predictor, categorised into 1979-81 and 2008-10. From this model we estimated the predicted rates of the outcome (stillbirth and LGA/macrosomia) in 1979-81 and 2008-10, and computed the rate ratios (RRs), comparing later years with earlier years. We used the same model to obtain the adjusted predicted rates (and the RRs) adjusted for covariates of maternal age, race, marital status, region, and multiple births, as well as the adjusted predicted rates (and the RRs) adjusted for covariates and GDM. From the adjusted predicted rates, we computed the percentage relative change in stillbirth and LGA/macrosomia rates in 2008-10 with the rates in 1979-81 as the reference. We then calculated the difference in the relative percentage changes from the model adjusted for covariates and the model adjusted for covariates plus GDM. This estimate is interpreted as the contribution of the change in GDM prevalence rates to changes in LGA rates between 2008-10 and 1979-81, a methodology applied based on previous work by Ananth and Vintzileos. 20 
Secondary and sensitivity analysis
To further investigate variability in the relationship among maternal age, period, and cohort factors with GDM, we examined the APC effects stratified by race (white and black) and region (Northeast, Midwest, South, and West). We also ran an additional APC analysis that was restricted to singleton births as a sensitivity analysis.
Results
We identified 124 352 115 deliveries after excluding 365 584 women younger than 15 years of age or older than 50 years of age, and 867 576 women with pregestational diabetes only. In this cohort, 2.7% (n = 3 337 284) of women were diagnosed with GDM. Among cases of GDM, 51.8% where among white women and 10.8% of cases were among black women, with 37.4% of cases among women with race listed as other or unknown (Table 1) . White women have a slightly higher risk of GDM (RR 1.06, 95% CI 1.06-1.06). Race was classified as 'Other' for only 6.7% of women in our cohort, making cases of GDM for other racial groups too small for further robust analysis. Figure 1 ). The distribution of GDM by maternal age with select delivery periods and birth cohorts is shown in Table 2 , and in Tables S1A and 1B for white and black women, respectively. Moving from left to right to examine overall trends in GDM for the same delivery period and birth cohort, the GDM rates typically increase with increasing age. For example, the rate of GDM among women aged 15-19 years delivering in 2010 was 1.6%, and increased to 14.3% among women aged 40-44-years delivering in the same period. Furthermore, GDM shows evidence of an increase in prevalence with period. The rate of GDM among women aged 25-29 years was 0.2% for deliveries in 1980, increasing to 6.2% for deliveries in 2010. This increase was evident across all age and race categories ( Table 2 ).
Age-period-cohort models
The effects of maternal age, delivery period, and maternal birth cohort were simultaneously modelled within an APC framework. Maternal age was strongly associated with GDM, showing similar increases in rates from about 0.1% to almost 5.0% as maternal age increases from 15 to 50 years ( Figure 2 ). Cohort effects demonstrate low rate ratios for GDM, with the exception of women born prior to 1950 and after 1990, where the RRs are increased slightly. Compared with women delivering in 1985, women delivering in 2010 were at an approximately eight-fold risk for being diagnosed with GDM. The fit of the APC models for GDM are shown in the Table S2 . All parameters in the model, including age, drift, and period and cohort curvatures provided the best fit.
Multilevel model results
Results from the multilevel cross-classified random-effects models are consistent with our initial APC analysis (Table S3 ). The rate of GDM increases with increasing age and with increasing period; cohort effects are modest and often have an RR of less than 2.0. After adjusting for obesity, period, and cohort effects, the variability in the period effect of gestational diabetes became less important (P < 0.001-0.02), and became non-significant after adjusting for obesity, race, and smoking status (P = 0.13). The period effect of smoking itself is non-significant, however. After adjusting for all available covariates, the variability in the cohort effect remained unexplained (P < 0.001).
Contribution of GDM to adverse perinatal outcomes
Stillbirth
The crude rate (per 1000) of stillbirth in 1979-81 was 6.55, and decreased to 3.47 in 2008-10 (RR 0.53, 95% CI 0.52-0.54). This decline became stronger after adjustment for maternal age, race, and region of delivery (North, South, Midwest and West), marital status, and plurality (Table 3) . Following further adjustment for the increase in GDM, the RR increased slightly to 0.43 (95% CI 0.43-0.44), indicating that the 23.6-fold increase in GDM from 1979-81 to 2008-10 is associated with a 0.7% increase in the rate of stillbirth. In other words, had the rate of GDM remained unchanged over this period then the rate of stillbirth would have declined by 57.4% (RR 0.43), but instead declined by only 56.7% (RR 0.43), a difference of 0.7%.
LGA/macrosomia
The crude rate (per 1000) of LGA/macrosomia was 0.97 in 1979-81, and increased almost 24-fold (RR 23.64, 95% CI GDM is associated with a 184% decrease in the number of infants diagnosed as LGA/macrosomia (Table 3) .
Secondary and sensitivity analyses
The APC analyses stratified by race portrayed similar effects for white and black women with GDM. Black women had a slightly higher risk with increasing age, but white women had a slightly higher risk by birth cohort (Figure 2) . The APC results stratified by four regions (North, Midwest, South, and West) demonstrated patterns largely similar to the overall analyses ( Figure S1 ), although cohort effects were stronger for earlier cohorts in the Midwest and West. Considering only singleton deliveries, the APC results mirrored those of the primary analysis ( Figure S2 ).
Discussion
Main findings
This study suggests three major findings. First, the increasing prevalence of advanced maternal age was a major factor in increasing GDM rates. Second, the period effect is accounted for after adjusting for trends in BMI, race, and smoking prevalence. Finally, with more common diagnosis of GDM, the prevalence of LGA decreased but stillbirth rates remain unaffected.
Strengths and limitations
The strengths of the study include an analysis that is based on one of the largest number of pregnancies in the US. We were able to carry out robust modelling of GDM trends simultaneously adjusting for two of the most important factors for GDM: BMI and maternal smoking. All analyses stratified by maternal race provide further robustness to the overall APC influences on GDM trends. We do not have data on whether or not all women were screened for GDM. Guidelines on prenatal screening have evolved over time, and there are no records on the NHDS database that indicate if all pregnant women are screened. Therefore, both screened and unscreened women remain in our study, and it is possible that the increase seen in GDM over time may be partially attributed to changes in screening practices. 3, 21 We were unable to adjust for all potential factors that may have contributed to the observed trends. Importantly, the NHDS data either do not contain data on important covariates (such as parity or smoking), or they are poorly recorded (e.g. race was missing for over a fifth of delivery hospitalisations and in vitro fertilisation was poorly coded). Therefore, our results may be subject to some degree of residual confounding, but it is highly unlikely that accounting for such confounding factors would remove the otherwise powerful age and period effects that we see for GDM. Furthermore, the reporting of GDM on hospital discharge data are accurate. When validated against medical chart audit, the recording of GDM on hospital discharge records resulted in 81.3% (95% CI 69.0-93.5%) and 93.3% (95% CI 86.9-99.7%) true-positive and false-positive fractions, respectively. 22 Although we used multilevel models to account for BMI in our analysis, we did not have patient-level data on prepregnancy BMI or pregnancy weight gain, both of which may be contributing factors to the prevalence of GDM. [23] [24] [25] Furthermore, the BMI data obtained from NHANES was not stratified by race, and was missing for certain birth periods and maternal birth cohorts.
Interpretation
Age-period-cohort (APC) analyses are a versatile yet underused analysis tool that enables the decomposition of a temporal trend into age, period, and birth cohort components. This APC analysis highlights that period of birth remains a crucial factor that shapes GDM rates in the US over three decades. When shown in the context of changing screening and diagnostic criteria (Figure 1) , it is evident that often the increase in rate of GDM coincides with changes to the screening and diagnostic criteria.
We also show that increasing maternal age is a strong risk factor for GDM in the US, which is consistent with trends previously reported in the literature. 13, 26, 27 The increasing average age of a woman giving birth in the US is thought to contribute to the increased risk for GDM. Given that the APC models produced small cohort effects (especially among women born before 1950 or after 1990), relative to the impressively strong period effects with RRs increasing over time and approaching 8, factors spanning all age groups are probably contributing to this increase more than increasing maternal age at time of pregnancy. The small cohort effects at the extremes of birth cohorts may be a shortcoming of the APC model, where it may be difficult to untangle the separate cohort and maternal age effects, given the calendar years of data available.
Although the rate of GDM is increasing across time, there were several practice recommendations that may account for periods with sharper increases in the rates of GDM (highlighted with diamonds on Figure 1 ). The first four international workshops on GDM were held in 1980, 1984, 1990, and 1997 (there was also a fifth workshop held in 2005, but the primary focus of this workshop was on postpartum metabolic assessments). Prior to 1980, there were no recommended screening criteria for GDM. The first international workshop on GDM (1980) introduced the notion that all women should be screened between 24 and 28 weeks of gestation. 10 This recommendation was maintained through the fourth workshop in 1997. The observed increase in recorded pregnancies with GDM between 1980 and 1997 may be attributed to the uptake of this recommendation to screen all women for GDM via an oral glucose tolerance test (OGTT) using the O'Sullivan and Mahan criteria for diagnosis. 28 As shown in Figure 1 , there is an increase in rates of GDM that starts to level off between 1990 and 1997; as the recommendation to screen all women becomes more universally implemented, the rate has stabilised over time.
At the fourth international workshop for GDM in 1997, the GDM screening criteria were modified to identify women at low, average, and high risk for GDM. 29 Screening was not indicated for women at low risk, thereby decreasing the number of women screened. This, in conjunction with the 1998 decision by the World Health Organization (WHO) to deem any glucose level above normal as indicative of GDM may have contributed to the steeper increase observed between 1998 and 2010. 11 The Australian Carbohydrate Intolerance Study in Pregnant Women randomised control trial concluded that the treatment of women with GDM reduced the rate of serious perinatal outcomes from 4% to 1%. 30 Shortly thereafter, in 2008, the results from the HAPO blinded prospective observational study highlighted a strong and continuous association between hyperglycaemia and complications during pregnancy. This important finding from the HAPO trial provided impetus to again modify the recommended screening and diagnostic criteria at a 2010 workshop held by the International Association of Diabetes and Pregnancy and Study Group. [31] [32] [33] The relatively quick uptake of new diagnostic benchmarks based on the HAPO results may explain the sharp increase in the rate of GDM diagnoses around 2008. 33 The steep increase in the rate of GDM highlights the speed with which evidence-based recommendations were accepted and implemented, particularly after the results from the Hyperglycemia and Adverse Pregnancy Outcome (HAPO) blinded prospective observational study were published in 2008. The HAPO trial results indicated a continuous association with no obvious cut-offs for increasing risk between hyperglycaemia and pregnancy complications, leading to a modification in the screening and diagnostic criteria for GDM just 2 years later in 2010. Although there has been some concern regarding over-diagnosis and debate over the utility of the new criteria, as well as of the additional benefit gained from it, this analysis demonstrates that the modified screening and diagnostic criteria may have led to a decline in the rate of babies born large for gestational age, probably because of the increased detection of hyperglycaemia and consequently enhanced clinical management. Another possibility for this trend is that the increasing prevalence of conditions such as chronic hypertension, associated with advanced maternal age, may be countering the effects of GDM with regards to the rate of LGA.
The decreased prevalence of large for gestational age and macrosomic infants in the setting of increasing GDM rates supports current screening and diagnostic criteria. As more women are being diagnosed with GDM, dietary management, oral hypoglycaemic agents, and administration of insulin treatment may reduce the risk for macrosomia. 34, 35 Despite reductions in macrosomia, however, the increased rate of stillbirth in the setting of GDM highlights the risk involved with these pregnancies, and suggests that improving care may represent an opportunity to prevent adverse fetal outcomes. Furthermore, it is important to note that increased risk was noted even in the setting of dramatically increased uptake of electronic fetal monitoring over the study period, which is associated with decreased rates of adverse outcomes, including stillbirth and neonatal mortality. [36] [37] [38] Given that obesity is a risk factor for GDM, it is important to also consider trends in BMI over the past several decades. In the US, it was estimated that as of 2011-12, the age-adjusted prevalence of obesity (BMI ≥ 30 kg/m 2 ) among women was 36.1%. 39 The trend in obesity in the US increased until the early 2000s, and has since stabilised. [39] [40] [41] This corresponds to the slowing in the acceleration of the rate of GDM around 1995-2005; however, the rate of GDM is still increasing, indicating that the observed temporal increase is likely to have other contributing factors.
Conclusion
The prevalence of GDM has been increasing in the US over the past three decades. The APC analyses demonstrate impressively strong period and maternal age effects. The observed period effects are consistent with the trend towards increasing pre-pregnancy BMI. Age, period, and cohort effects show similar rates between black and white women in the prevalence rates and trends observed for GDM. Further investigation into racial disparities between white and black women, as well as the APC trends in other race categories, may be a research focus for future studies.
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